Abstract. Nano-impact test is a reliable method for assessing the brittleness of PVD coatings with mono-or multi-layer structures. For the analytical description of this test, a 3D-FEM Finite Element Method (FEM) model and an axis-symmetrical one were developed using the ANSYS LS-DYNA software. The axis-symmetrical FEM simulation of the nano-impact test can lead to a significantly reduced computational time compared to a 3D-FEM model and increased result's accuracy due to the denser finite element discretization network. In order to create an axissymmetrical model, it was necessary to replace the cube corner indenter by an equivalent conical one with axis-symmetrical geometry. Results obtained by the developed FEM models simulating the nano-impact test on PVD coatings with various structures were compared with experimental ones. Taking into account the sufficient convergence between them as well as the reduced calculation time only in the case of an axis-symmetrical model, the latter introduced numerical procedure can be effectively employed to monitor the effect of various coating structures on their brittleness.
3D-FEM model to simulate the nano-impact test
The nano-impact test is a reliable method to characterize the brittleness of PVD coatings [1, 2, 3, 4, 5] . Efforts for the numerical description of the nano-impact test have been undertaken in the past by developing a three dimensional (3D) FEM-model considering uniform or graded strength properties versus the coating thickness [2, 3] (see figure 1 ). In these calculations, the simulation of the applied cube corner indenter geometry is in accordance to the manufacturer specifications. During the indenter penetration into the film, it is assumed that the coating at the FEM model node regions can withstand the applied load up to a maximum value, which corresponds to the coating rupture stress and the associated maximum plastic strain limit. Over these limits, the related nodes are disconnected from the neighboring finite elements. If all nodes of an element are disconnected, the element is released for simulating a crack formation and becomes an inactive separate entity. For minimizing the FEM calculations solving time, the nodes' ability to be disconnected is restricted to those nodes, which are located on the perpendicular to the coating surface section levels OA1, OA2, OA3. The edges of the cube corner indenter lie on these levels during the indenter penetration into the film material. In this way, the stress fields developed in the coating and its fracture evolution in terms of imprint depth versus the repetitive impacts can be analytically described. A characteristic example, indicating the crack propagation and thus the impact depth versus the number of impacts is shown in figure 2 . A correlation between measured and FEM calculated imprint depths after the conduct of nano-impact test on TiAlN coated inserts reveals a sufficient convergence as shown in figure 3 . However, for attaining a reasonable accuracy by applying the 3D-FEM model, fine discretization networks have to be applied, leading to long calculation times. In this way, its application for a precise description of fine coating structures is limited.
Axis-symmetrical FEM model to simulate the nano-impact test

The developed axis-symmetrical FEM model
Since an axis-symmetrical FEM simulation of the nano-impact test can lead to a significantly reduced computational time compared to a 3D-FEM model [1] , it was necessary to replace the cube corner indenter by an equivalent conical one with axissymmetrical geometry. The equivalent cone possesses the same projected area versus the indentation depth h i (see figure 4 ). The angle of the equivalent cone was calculated according to equations introduced in [6] . Hereupon, the actual spherical tip radius of the cube corner indenter equal to roughly 75 nm was taken into account. An axis-symmetrical FEM model was created, using the ANSYS LS-DYNA software package. The developed FEM model consisting of individual shell elements is demonstrated in figure 5 . The applied element formulation option is characterized in LSDYNA as axis-symmetrical solid-area weighted [7] . The actual film strength properties were estimated taking into account the coating structure shown in figure 6. In these calculations, materials with piecewise linear plasticity and strain rate independent were considered. It was reasonable to assume that the film strain rate does not affect the developed film strains, since the duration of the nano-impact test lasts 1 s and strains of the applied film material are affected by the strain rate at impact force durations less than few milliseconds [8] . The diamond indenter was assumed as rigid. Calculations were also conducted for an elastic diamond indenter. In both cases, the obtained results were practically identical. Because the calculation time is comparably shorter in the case of a rigid indenter, this option was employed. The densities of the involved materials in the FEM model are documented in [9, 10, 11] . For describing the indenter penetration into the coating material, it was assumed that the coating layers and the substrate behave as individual bodies with own strength properties. Moreover, nodes belonging to neighborhood elements between two coating layers were joined in one.
In the developed FEM model, a surface to surface contact was applied for describing the interface between the diamond indenter and the coated specimen. This is a penalty-based contact with springs placed between all penetrating nodes and the contact surface [7, 12] . In addition, an eroding contact, also a penalty-based contact, was applied between each individual coating layer and the indenter [6] . In this way, elements involved in the contact definition are subject to erosion (element deletion) according to a material failure criterion and not directly due to the eroding contact restrictions. The contact surface is updated as external elements are deleted. In the performed calculations, it was assumed that each coating layer can withstand the applied load up to a maximum value correspondingg to its rupture strain and rupture stress. If the developed element strain exceeds the rupture strain, then the element is deleted for simulating the crack and debris formation. The accuracy of discretizising the coating thickness could be more than twenty times higher than that of the developed in the past related FEM model [2, 3] , thus attaining a more detailed description of the coating structure and its damage. Moreover, due to the axis-symmetrical FEM model structure, the FEM calculation solving time is comparably significantly shorter.
For attaining the diamond indenter motion, a concentrated nodal force on the indenter mass center is applied [7] . The time course of this load is linked to a certain curve representing the time dependent impact force, as it is shown in figure 7 . The equilibrium differential equations are integrated for incremental solution time steps of few milliseconds. Each solution step is based on the results of the previous one (explicit method).
Characteristic results obtained by the developed FEM model
The impact depths and equivalent stress fields after the first, one hundred and two hundred impacts in various coating structure cases are exhibited in figure 8 . These results are associated with coatings possessing one or four structure layers (SLs). The corresponding to the coating's structures properties are documented in figure 6 . As the number of the impact cycles increases, the indentation depth grows as well. Due to the lower mechanical properties and higher brittleness of the mono-layer coating compared to the four-layered one, the related nano-impact depths are larger.
Comparisons between measured and FEM calculated imprint depths versus the number of impacts, for two coatings both of 8 μm thickness but with one or four SLs are illustrated in figure 9 . The FEM calculated imprint depths converge sufficiently with the measured ones, if the existing strength property gradations are considered. The corresponding deviations from the measured results are less than 5%. In this way, the developed FEM model can be effectively applied for assessing the brittleness of PVD coatings with various structures and graded strength properties. Moreover, the obtained experimental and analytical results ascertain the fact that coatings with multi-layer structures, due to their low brittleness, can withstand more effectively impact loads compared to mono-layer ones. In this context, the presented FEM model can be employed to evaluate the efficiency of potential mechanical or thermal coating treatments for reducing the coating brittleness.
Conclusions
The nano-impact test is a reliable method for evaluating the coating brittleness. This test was dynamically simulated by developing a 3D-FEM model and an axis-symmetrical FEM one. In these calculations, PVD coatings with various structures were employed. By the introduced axis-symmetrical FEM simulation, compared to the 3D-FEM one, the calculation's time was significantly reduced and moreover, the result's accuracy can be increased due to the denser finite element discretization network. In this way, the axissymmetrical FEM model could be an efficient tool for assessing film structure's and mechanical properties gradation's effects on the coating's brittleness.
